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SUMMARY

X!ROI?AIJTICS

COEFI?IC1311?TSFOR

Thisinvestigationtodeterminethevaporizationratesofpure
li~~id dropsvaporizingunderconditionssimilartothoseencountered
inaircraftcombustionsystemsusestheheat-balanceequation

“where&n/d@ isvaporizationrate, h isheat-transfercoefficient,
A areaoftiop, Hv latentheatofvaporization,and At isthe
drivingforceandistakenas thedifferencebetweentheairtempera-
tureandthesurfaceorwet-bulbtemperatureof thedrop. Sensible
heattransferredfromtheliquidwasnegligibleincomparisonwith
latent-heatrequirements.

Nineliquidshavinglatent-heatvaluesfrom~0to 500gram-
caloriesyergramweretestedforanair-temperaturerangeof30°to
500°C andexperimentalvaluesoftheheat-transfercoeft”icientwere
correlatedtogivetheexpression

:=(?Y”’E‘0*303‘Re=)””l
where d isdropor spherediameter,~ isthermalconductivityof
airevaluatedataveragefilmtemperature,kv 1sthermalconductivity
ofthevaporevaluatedataveragefilmtern~eraturejRe isReynolds
n-.nnberbaaedondropdiameterd,and Sc isSchmidtgroupbasedon
maSS diffusivityofvapor.Thisexpressionwassubstitutedforthe
heat-transfercoefficientintheheat-balanceexpressionto obtain
thefinalvalorization-rateequation 4
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Vaporizationratesatroamtemperaturesexperimentallydetermined
inthisinvestigationagreedwiththosecalculatedbymass-transfer
equations,whichusethedifferencebetweenthepartialpressuresof
thevaporatthedropsurfaceandthevaporinthestremningairaathe
drivingpotential,butpredictionofvaporizationratesatelevatedair
temperaturesrequfiedtheuseoftheheat-balanceequation.

llH’’ODUCI’IOIl

Thedesignd high-outputcombustorsforJet-propelledaircraft
andequipmentsuchas spraydryersandcoolingtowersrequiresan
accurateknowle~eof liquidvaporizationrates.Theliquidmay
evapomtefromspheres,cylinders,orflatsurfacesdelymlingonthe
typeofequipnent.IiIJetengines,thefuelisfrequentlyinjected
as liquiddropletsata pointupstreamofthecombustionzone,and
theconcentntionofvalorizedfuelinthefuel-airstreamenter~
thiszoneisdeteminedbytherate& vaporizationofthedroplets.
In orderto determinethisrate,a studywasmadeatHACALewis
laboratoryofdropletsvaporizingunderconditionsshilsrtothose
encounteredinaircraftcmbustionsystems.

Twogeneralmethoclsmaybe usedt? calculatethevaporization
rateofa pureliquid&op. Mass-tnmsferequationsemploythedif-
ferencebetweenthe~rtialpressureofthevaporat thedropsurface
andthePrtialpressureofthevaporinthestreamingairas the
drivingpotential.Theothermethodisbasedona heat-transferequa-
tionendtheWiv@ potentialisgivenas thedMferencebetweenthe
airtemperatureandthesurfacetemperatureaPtheMop. An equa-
tionbasedonheattransferasthecontrollingprocessandshcndng
theeffectofmasstmnsferontheheat-transfercoefficientwas
chosenfortivestigation.

h orderto obtaina betterunderstanding@ theeffecton
vaporizationofairtemperature,a wettedcorkspheresimulatinga
dropd llquidwasplacedh anairstreamaf constantmass-flow
rateandvax@ngtemperature.Liquidwasinjectedintothesphere
ata rateequaltothevaporizationrate,andthelossof liquidby
vaporizationfromthesphere’swrfacewasdeterm~d. Themass-
flowrateofoneliquidtisvariedtogivevaluesofReWoldsnumbers
from1600to’5700.Alrtemperatureswerevariedfrcm30°to 500°C
inthetests& nineyureliquidshavinglatentheatsofvaporization
rangingfrom50to500gram-mloriespergram.Theresultingdata
onvaporizatiwrateswerefosandto correlatewitha semiempirical
theoryofheatandmasstransfer.Surface-temperaturedatawere
obtainedforeachliquidandusedinthecorrespmd@ heat-transfer
calculations.
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Thefollowingsymbolsare

areaofdrop,(sqcm)

molecularmass

specificheat,

fHMEaLs

usedh thereport:

(diffusivity *

(g-Cal/(g)pc))

%)~(d(d(f=))

volumetriccliffusioncoefficientord3ffusivity, (sq cm/aec)
(refOrence5)

-.-— -

dropor spherediameter,(cm)

derivitived dropdiameter

vapori=tionzate,(g/see)

Proportionalityconstant

latentheatofvaporization,(g-@l/p)

heat-taer coefficient,(g-cal/(see)(sqcm)(°C))

interceptconstant,pc)

thermalconductivityevaluatedat tav,(g-cal/(see)(sqcm) ‘
(oc/cm)) .

molecularweightofdiffus~ vapor

quantity@ materialvaporized,(g)

Nusseltgroupforheattransfer,(hd/k)

NusseltgroupforMss t-er, (~dfig,w)

totalpressure,atmospheres

Pecletnumber,(PrRe, d~c/k)

Prandt1 number,(ye/k)

logmeanpressureofinertornmd~f usinggas,(atmospheres)

1
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differencebetweenpsrtislpressureofvaporat dropsurface
(approximatelysaturationpressure)andpsrtialpressureof
vaporinstreamingair,atmospheres

Universalgasconstant,82.0(atmospheres)(cucm)/(%)(mole)

Reynoldsnumberbasedondropdiameterd,(dup/K)

newcorrelativegrouP,(duP/bg,w)

SchmidtgroupbasedonmassdiffusivityofvaPor(@g,w)

Stantonnumberforheattransfer,(h/Put) -

Stsntonnumberformasstransfer,(KJPU)

tmqerature(%)

averagefilmtemperature,(%)

temperature,(%)

averagefilmtemperature

airtemperature
(Oc)

airtemperature
liquid,(‘C)

atwhichliquidhasssme At valueaswater,

atwhichwaterhassame At valueasgiven

boilhgpointoftheliquid

differencebetweenairtemperatureandsurfacetempera&reof
drop,(ta-ts)(‘C)

veloci~ofair,(cm/see)

vaporizationthe, (see)

gasviscosity,(g/(see)(cm))

constant,(3.1Q6)

gasdensity,(g/cucm)

liquiddensity,(g/cucm)

— ———
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Subscripts:

a air

1 liquid

o initialcondition

B surface

v vapor

w water

Superscripts:

mjn,p anyexponent

PROCEDURE

Theapparatususedto determinevaporizationratesofpureliquid
dropsisshowninfigure1. Airwassuppliedfrm thecentrallabora-
torysystemat50poundspersquareinchgageand16-percentrelative
humidity.Theairwasmeteredby a rotameter,andthetemperaturewas
controlledovera rangeof80°to 1000°F by aqelectricairheater.
Airleavingtheheaterpassedthroughaninsulatedl-inchpipeand
intoa 3-inch-diametercahingchambercontainingtwosectionsof
200-meshscreenplacednormaltotheah stream.Theca-n section
wasusedtoproduceanairstreamwithlowturbulenceandflatvelwity
profile.Thevelocityprofileshowedvelocityvariationsoflessthau
10percentforpointswithin1/4inchofthewaJlofthetestsection.
Thespherewasplacedata depthof1 inchfromtheopenendand
1/2inchfromthewallofthe2-inch-diameter,6-inch-longtestsection.
Theairtemperaturewasmeasuredby a thermocouplemountedinthessme
planeasthevaporizationsphere.

Thesurfacetemperatureofeachliquiddropfortherangeofinlet
temperaturestudiedwasobtainedwitha finethermocouplejunctionof
40-gageiron-constsntanwireflushwiththesurfaceofthesphere.An
abbreviatedtechniqueofdeterminingthesurfacetaperatureofeach
liquiddropfora givenairtemperatureconsistedinplacingan tion-
constantanthermccoupleintheairstresm,andejectingliquidontoth?

. thermocouple%cireata point1 inchabovetheopenendofthetest
section.Liquidfloweddawnthewire,formeda thinfilmaroundthe
thermocouplejunction,andvaporizedatthewet-bulborsurfacetem-

.. peratureofthedrop.A thermmoupleelementwasalsoplacedinthe
centerofthesphereto determinetherateatwhichsensibleheatof

—–— ..—. —- —— ———- .—-
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.

theliquidwastransferredtothedropduringtherun,andto showthe
effectofthecoretemperatureonthemirfacetemperatureofthedrop.

Theliquidfeedsystemconsistedofa syringe,hypodermicneedle,
andcorkspheremountedontheendofthehypodermicneedle.Three
sphereshavinganaveragediameterof0.688centimeterwereused
duringtheexpertient.Thesphereswereconstructedofselectedcork
freeofcoarsegrainsandpiths,andtheporosityofeachwasadjusted
bypiercingthespherewitha fineneedle.

Vaporizationratesweremeasureddirectlybyweighingtheunit
showninfigure2 onananalyticalbalancebeforeandaftereachvapor-
izationrun. Thetechniqueemployedconsistedin: (1)removingthe
test tubefromtheunit;(2)holdingthesphereintheairstreamfor
2 minutes;and(3)replacingthetesttubeoverthesphere.Results
fromtheuseofthisequipmentshowedthatvaporizationdatawererepro-
duciblewithin+5percentifthefollowingconditionswerefulfilled:

(1)Airtemperaturesvariedlessthan 2°F

(2)A corkstopperwasinsertedintheopenendofthetesttube
duringthe2-minutevaporizationrun

(3)Pressurewasappliedevenlytothesyringeandtheunitwas
slowlyrotatedto keepthesurfaceofthespherethoroughlywet

(4)Notmorethan1 secondwastakentotransferthespherefram
thetesttubetotheairstreamorto accomplishthereverseprocedure

Vaporization-rated.ataweretakenata constantinlet-airtem-
peratureof28°C audvaryingairmassflowfora singleliquid,and
atconstantairmassflowwithairtemperaturesvaryingfran30°to
500°C forninepureliquids.Surface-temperaturedataweretakenover
thesameairtemperaturerangeforthenineliquids:nitrobenzene,
g-cctane,benzene,methanol,acetone,water,ethanol,butanol,and
carbontetrachloride.

ThephysicalpropertiesHv, k, p, and p thatwereusedin
thecalculations-wereobtainedfrm references3

RESULTSANDDISCUSSION

Analysis

Thefollowingequationofthemass-transfer
pressuresisgiveninreference1 for’calculatingthevaporization
rateofa pureliquiddrop:

and4.

typeusingpartial

\
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Nu’= 2, when

fid~Ut

Re<4

Nu’= 1.50Scl/3Re0”35,when 4

Nu’= 0.43SC1/3ReO.56> when

Fr&sling(reference2)presentsthefollowing

am PTJ’Mp
s=— —%~ Pb,m .

forallReynoldsnumbervalues

<Re<400

Re >400

mass-trausferequation

d (2+0.552Scl/3Re1/2)

andan airtemperatureof20°c. ‘

Considerationoftheapplicabilityofthemass-transferequations
indeterminingvaporizationinhigh-temperatureairstresmsshowsthat
~,m hasa largeeffectonvaporizationratesinasmuchasitvaries
markedlywith- changesinthesurfacetemperatureofthedrop.
An accuratedeterminationof surfacetemperaturesisrequiredin
ordertoapplymess-transferequationstovaporizationcalculations
forhighairtemperatures.Thisevaluationbecomesincreasingly
difficultasairtemperaturesareincreased.Forthesecondgeneral
method,however,thedrivingpotentislmaybe appraimatedby the
difference,betweentheairtemperatureandtheboilingpointofthe
liquid,andanaccuratedeterminationofthesurfacetemperatureis
notrequiredinthecaseofhighairtemperatures.An equationbased
onheattransferasthecontrollingprocessandshowingtheeffectof
masstransferonthefilmcoefficientthereforewaschosenfor
investigation.

A dropvaporizinginan
. surroundedby a vaporfilm.

expressed

h’A(ta-ts)

airstreamisshowninfigure3 asbeing
Theheatb@.shceforthissystemcsnbe

[ 1=%~-~(*@J (1)

.-—.—... ——— ._— - —-,———————-.—--— -–. ———
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where
vapor
pared
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theheat-transfercoefficienth’ isevaluatedattheliquid-
interface.b thisinvestigation,cp(*&) is smallcom-
with ~, andtheequationcanbe rewritten

h’A(ta-ts)=&% (2)’

Whentheheat-transfercoefficienth isevaluatedatthevapor-
airidterfaceshowninfigure3,theheatbalancemaybewritten

h’A(ta-ts)=&v (3)

wheretheheat-transfercoefficienth’ isa functionoftheheattram-
‘ferredby theah andthedifYusingvaporby coil.isimsbetweenvapor
andairvolecules.Threetypesofbimolecularcol.lisimmayoccurin
a binarymixtureofvaporsndairsurroundingthevaporizingdrop.
Thesetypesmaybe deftiedas collisionsbetween:(1)twoatimole-
cules,(2)twovapormolecules,or(3)anairanda vapormolecule.
Whentwoairmoleculescollide,heatistrsnsferredfrcmthewarmer
moleculenew theairstresmto thecoolermoleculethatiscloserto
thesphere’ssurface.As a netresultofcollisionsbetweenairmole-
cules,heatisconductedacrossthefilmtothesurfaceofthesphere
andcan’beexpressedas a functicmofthethermalconductivityof
air ka. W&n twovapormoleculescollide,thisheattransfer,which ,
maybe expressedasa functionofthethermslconductivityofthe
vapor ~, hasno appreciableeffectonheattransferredtothe
sphere’ssurfacebecausea netdiffusionofvapormolecules3ntothe
airstreamoccurs.h co~sionsbetweenairandvapormolecules,heat
istransferredfromtheairtothevapormolecules,whichconductheat
fra thefilmasshowninfigure3. Thisheattransfercanhe expressed
asa functionoftheratio ~~. Theheat-transfercoefficienth
maybe expressedas a functionof ~ andthethermal-conductivity
ratio kJ~.

13ecausethefiJncoefficientforvaporizationmustbea function
alsoofmomentum-andmass-transfergruups,thatis,theReynoldsand
Schmidtnuuibers,itmaybe definedas

hd
()

f~m—=
k%

(Re)n(Sc)p

wheref isa proportionalityconstsnt.

(4) .

——



2 I?ACATN 2368

Dataforheattransferbetweenspheresandairhavebeen
correlated(reference6),andtheequation

obtainedfora
msybe usedto

# = 0.33(Re)0*6
a

9

9

(5)

Reynoldsnumberrangeof20to 150,000.Thisequation
determinetheeffectofmmentumtransferonheat

transfer,butcennotbe applieddirectlytovaporizationbecausethe
simultaneoustransferofmassmustbe considered.

ExperimentalResults

A seriesofrunswasthereforemadeforonefluidh whichmass-
air-flowrateswerevariedandtheairtempe~aturewasheldconstant,
((ks/k#(Sc)= constant).Datafortheserunsaregivenh tableI
andplottedinfigure4. Thisplotshowsn = 0.6 or

~= ()Isamf (Re)0*6(sc)p—
%

(6)

Inequation(6),both Sc and k~kv arefunctionsofairtem-
peratureandthevaporpropez~ies.It isdifficult,therefore,to
varyeitherSc or &/kv independentlyasfunctionsofthefilm
coefficient.A correlationwasundertakenusinga newnumberRe Sc,
whichisdefinedastheratioofturbulentmomentumtransferto
moleculsrmssstransfer.Thisnewcorrelativenuniberiscomparable
to thePecletnumberusedinheat-transferstudies.Themutualrela-
tionsexistingbetweenRe Sc ad otherdimensionlesssnumbersare
showninfiguxe5.

~ substituting(ReSc)0”6for (Re)0”6(sc)p,equation(6)
canbe rewritten

hd
()

m
—=
%

f (ReSc)0”62
k-v

becausehd/k 0.60muststillbe a functionof Re h ordertoveri~
thisrelationaandto evaluatem, vaporizationtestsweremadein
whichthemass-air-fluwratewasheldconstantaudtheairtemperature
wasvaried.Vaporizationdatafornitrobenzene,n-octsne,benzene,
methsmol,acetone,water,ethsmol,butanol,andc–abontetrachloride
aregivenintableII;a logarithmicplotof hd/~ (Re Sc)Oc6
against~~ forthenineliquidsisshowninfigure6. Fromthis
straight-lineplot,it isevidentthat (ReSc)O”6 correlatesthe
dataand m = 0.5;or

—.——. — ..-_ —— _—.
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hd
()

0.5
L=
%

f (ReSc)0*6~
%

The@ot of
hd/&

against(ReSc)0”6presentedinfig-
(%/%)0”5

ure7 showsthattheequationfortheheat-trsnsfercoefficientofa
pureliquiddropvaporizinginanairstreammaybewritten

~=($””’[2+C).sos(Flesc)o.6]

(8)

(9)

fortheconditionscoveredinthistiestigation.Thedatainfig-
ure7 show hyka = 2(k~~) 0”5 forvaporizationinquiescentair
whenthespherediameterisgreaterthanthemeanfreepathofthe
moleculesofthesurroundingfluid.,

Dataweretakenforvariousfeedtemperaturestochecktheeffect
ofthesensibleheatoftheliquidonthevapmizationrate,andthe
effectoffeedtemperaturesonsurfacetemperatures.Thefactthat
no consistenttrendsoffeedtemperaturewereobservedverifiedthe
assumptionofnegligibleeffectoftheliquidfeedtemperatureon
theexperimentalheat-transfercoefficient.

Whenthevalueof h inequation(9)issubstitutedintothe
heat-balanceequation(3),thevaporizationrateofa pureliquid
dropmaybe expressed

==%&d(~)0”5[2+o*303@@OO’lde (10)

Surfacetemperaturesmeasuredinthisexpertientandshownas
psychometricplotsinfigure8 werecmparedwithwet-bulbtempera-
turesgiveninreference4 =d werefoundto sgreetithin5 percent
ofthesevaluesforcsrbontetrachlmide,benzene,andwater.

h orderto comparevaluesof dm/dB obtainedinthisexpertient
withvaluescalculatedfrm equation(10),a plotof din/W against
airtemperaturefornitrobenzeneisshowninfigure9. Valuesof

.

— — ————
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dm/tMcalculatedbyl’r~ssling’sequationareslsoshowninthisfig-
ure,andWee fairlywellwithexperbmtaldataatroomtemperatwes
butareinvalidatelevatedairtemperatures.

In orderto determinethetimerequiredfora dropletofa given
dismetertovaporizeccmpletel.y,equation(10)maybe rewritten

‘=&(t)0”5E+do(’e’c)o”61 ‘=)
andintegratedto givetotalvaporizationtime O as a functimof
theinitialdismeter~; or -

PzHv
‘=4k@

d 1.4
0

0.6 0.5

()

ka
0.213&- ~

g>w

forvaluesof Mu> 10;snd

. .

e=
do.2

() 0.5

2$

forvaluesof Nu = 2(k~~)0”5.

A plotofequations(12)and(13)isshowninfigure10 for
n-cctaneat ta= 6800C, u = 3050centimeterspersecond,and
it = 5550c!.

(I-2)

Theapplicabilityofequations(12)and(13)maybe increased
approximatingAt frcmtheboilingpointoftheliquid~,p. by
oftheequation

(13)

t = ta,w a,2 - 0“80‘B.P.+ 75

by
use

(14)

.— — .—— —- _ —.__. ——. -.
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andtheplotinfigure8 of ta sgainstAt ofwater.Thus,
At = (At)w,where (At)wis obtainedfrm figure8 atthevalueof
ta,w calculatedfrcmequation(14). Thederivationandapplication
ofthisequationis

An analysisof
rateofevaporation
conceptresultedin

discussedintheappendix.

COI?CIUSICXJS

theeffectofelevatedairtemperaturesonthe
ofa pureliquiddropbasedona heat-balance
thesemiempiricalequation:

NJPCNco

where dm/d8isvaporizationrate,~ isthermalconductivityofair
evaluatedataveragefilmtemperature,t isthedifferencebetweenah
temperaturesndsurfacetemperatureofthedrop,H islatentheatof #
vaporization,d isdiameterofthedrop, kv isthermalconductivity
ofvapm ataveragefilmtemperature,and Re Sc isthenewcorrela- .
tivegroup.

An experimentalverificationoveranair-temperaturerangeof
30°to 5000C wasobtainedfm 9 pureliqQidshavinglatent-heat
valuesrangingfrom50to 500gram-caloriesperWsm.

LewisFl@htPropuDionLaboratwy,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,March6, 1951.

I
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APPENDIX- EVALUATIONOF At BYBOILINGPOll!lT-METHOD

‘Theapplicabilityof eqyation(10)

~ ~At
z= q ‘idNu.

13

maybe considerablyextendedby approximatingAt fromboiling-point
datainsteadofrelyingontheavailabilityofwet-bulb-temperature
data.me pS@WODEtriC chartin fi~ 8 shQwsthat At is a fu~tiOII
oftheboild.ngpointoftheliquid.A plotof ta,~ againstta,w for
constant.At valueswasmade,andis showninfigureIl.

Thestraight-lineplotforeachMquld is coqmrableto~ing
linesusedh vapor-pressuredeterminations.Theinterceptoftheordi-
nateaxis tajw wasthenevaluatedas K andplottedagainstthe
boiliagpointofeachliquid,as

Theequationsfortheplots

tt
a,w

showninfigure12.

infiguresl.1and12maybe written

= ta,l+ K

and

K= -0.80~.pc + 75

andmaybe coxibinedto givetheequation

t!
a2w = ta,z 4.80 ~ep.+75 (14)

where ~ .P.= 94°C forthefairedvalueofwater. ‘

Thisequationmaybe readilyusedto appro-te thesmfacetem-
peratureofa dropfroma plotof At againstta forwaterifthe
ah temperatureandtheboilingpointoftheliquiddropareknown.

Asan exampleofhowonemy determineAt fora liquidhavinga
boilingpetit
valuesmaybe

of80°C andsuspendedina 250°C airstream,these
substitutedin equation(14)

——.—-z .... .. — —— ...-
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t = t -0.80~.p* + 7’5a,w a>Z

NACATN 2368

t a,w= 250 -(0.80)(80)+ 75= 261°C

Theplotof ta againstAt forwaterinfigure8 showsthat‘when
ta= 261°C, At = 208°C,whichisthe & valuefora liquidhaving
a boilingpointof 80°C. As a checkontheequation,theplotof
benzene,whichhasa boilingpetitof80°C, infigure8 showsthat
At = 206°C ina 250°C dr stream.Forthiscondition,themethodof
determhingAt withequation(14)ageeswiththeexperimentalvalue—
within1 percent.

“1.

2.

3.

4.

5.

6.
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TABLEI - VAPORIZATIONOFMETHANOLFROM0.688-Cl?JTTIMRIER-

DIAMETERSPHEREIN 28°C AJRSTREAMOFVARYING

MAssAIR-mowRATE ‘

TVapori- A3r-
zation flow
rate rate
(g/see) (lb/hr)

5.07)U.64 75
6.28 103
7.32 132
8.42 163
9.10 196
10.10 230
11.30 263

Re

1605
2240
2860
3540
4250
4980
5720

39.0
48.4
56.3
64.8
70.0
77.6
86.9

15
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(2%
I

136
152
181
207
243
258
288
302
313
377
381
403
416
427
438
507

27
43
61
76
94
llo
127
160
,195
2X5
263
282
282
406
430

IVACATN 2368

TABLEII - VAPORIZATIONFROM0.688-CENT~—DIAMBTER

SPHEREN CONSTANTMASS-AIR-FLCWRATES v

Nitrobenzene-air;mass-air-flowrate,94lb/hrI

At
:Oc)

33
4C
58
77
108
Ul
147
I-39
169
224
227
246
256
267
276
336

Vapori-
zation
rate

Nu Nu

(ReSc)””c

15.6x@
19.2
27.1
40.8

E::
79.2
82.8
87.3
126.5
126.0
134.0
143.2
155●3
161.0
209.0

I
27.0
25.0
‘23.3
24.8
22.6
22.8
22.5
21.5
21.0
20.9
20.9
19.7
19.6
20.0
19.7
19.3

0.450
.420
.398
.428
.394
.400
.400
.383
.382
.382
.382
.362
.362
.370
.367
.366

1.96
1.79
1.66
1.61
1.53
1.52
1.44
1.43
1.42
1.36
1.33
1.31
1.30
1.29
1.28
1.22

(ReSc)o=c

60.0
59.5
58.5
57.9
57.4
57.0
56.3
56.1
55.0
54.7
54.7
54.4
54.1
54.1
53.7
53.0

Water-air;mass-air-flowrate,64lb/hr

17 1.2 33.0 0.389
27 2.1 35.1 .418
37 2.9 34.0 .414
49 3.6 30.9 .382
63 5.0 32.3 .398
77 6.0 31.0 .385
91 7.5 31.9 .400
I_2010.4 32.0 .408
150 13.4 .31.2 .402
166 14.9 30.6 .398
210 18.4 27.8 .369
228 19.1 25.9 .346
228 19.4 26.4 .352
345 32.2 25.0 ●349
368 35.5 25.1 .352

.

1.42 84.8
1.40 84.0
1.38 82.1
1.37 80.9
1.35 81.2
1034 80.5
1.33 79.8
1.31 78.4
1.30 77.6
1.29 76.9
1.27 7s.3
1.27 74.9
1.27 75.0
1.26 71.6
1.24 71.3

Nu

(%/%)005

19.3
18.7
18.1
19.6
18.3
18.5
18.8
18.0
17.6
17.9
18.1
17.2
17.2
17.6
17.4
17.5

27.7
29.7
28.9
26.4
27.8
26.8
27.7
28.0
27.4
26.9
24.7
23.0
23.4
22.3
22.5

.

—. ——-— -.—
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31
54
61
69
83
93
92
109

138
184
176
202
287
291
293
294
321
325
340
356
371
397
422
435

TABLEII - VAPORIZATIONFROM0.688-.@l?T~—D~

SPHEREAT CONSTANTMASS-AIR-FIGWRATES- Continued

I ~-octane-air;mass-air-flowrate,46.5Iti/tiI
-AAt
Qc)l

I

10,
M
22
26
35
41
40
53
58
76
115
108
130
199
202
202
206
225
228
240
253
264
285
304
315

Vapori-
zation
rate
(g/see)

4.oX16~
6.9
9.2
11.o
14.8
17.5
17.5
20.6
24.4
30.3
45.9
44.0
51.0
84.2
86.0
87.2
87.2
92.6
95.2
.03.5
.10.8
J6.O
.25.7
!33.0
.37.5

Nu NU

(ReSc)0“(

27.1
23.1
26.0
25.8
24.8
24.5
25.1
21.5
22.9
20.9
19.5
20.1
18.5
17.4
17.4
17.5
17.1
15.9
16.0
16.2
16.1
15.6
15.3
14.2
13.9

0.580
,504
.570
“.568
.552
.548
.560
.485
.518
.478
.455
.467
.439
.423
.423
.425,
.417
.391
.394
.401
.401
.391
.386
.362
.356

2.?0
2.45
2.40
2.33
2.23
2.17
2.17
2.09
2.06
1.95
1.77
1.80
1.72
1.51
1.50
1.50
1.49
1.44
1.44
1.41
1.40
1.37
1.32
1.32
1.31

Re Sc)0”6

46.7
4!5.8
45.6
45.4
44.9
4.7
4+t.8
44.3
44.2
43.7
42.9
43.0
42.1
41.1
41.1
41.2
41.0
40.7
40.6
40.4
40.1
39.9
39.6
39.2
39.0

I

Nu

(wq)0”5

16.5
14.8
16.8
16.9
16.6
16.6
17.0
14.9
16.0
15.o
14.7
15.o
14.1
14.2
14.2
14.3
U.o
13.3
13.3
13.6
13.6
13.3
13.3
1204
12.1

#

/

.--— .-— -.. ..— -.—— .-. ..— — —— ..— —
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TABLEII - VAPORIZATIONFROMO.688-CKNTllllHWR—DIAMETER

SPBEREAT coJ!ETANTMASS-AIR-FLOWRATES- continued

29
39
49
65
75
83
93
108
129
131
142
158
181
173
168
173
188
207
214
226
235
258
261
278
287
298
310
321

At
%)

26
32
40
52
59
65
72
84
102
104
1.14
127
148
140
136
140
154
170
176
186
194
214
216
230
238
248
258
268

Benzene-air;mass-air-flowrate,94 lb/hrI
I

Vapori-
zation
rate
(g/see)

12.lxld
15.1
3-8.0
22.9
27.6
29.6
34.5
41.8
50.1
52.4
55.5
65.4
72.8
66.4
69.7
67.7
78.1
86.7
93.8
95.3
.05.2
J4.5
.20.1
-23.7
-27.4
.38.8.
.38.8
.50.1

Nu

39.3
38.8
36.4
34.5
35.8
34.3
35.5
35.8
34.2
35.0
33.3
34.1
31.7
30.9
33.7
31.5
32.3
31.6
32.7
30.8
32.4
30.7
31.8
29.9
29.4
30.3
28.6
29.4

Nu
(ReSc)””(

0.480
.477
.452
.432“
.452
.434
.453
.460
.444
.454
.434
.448
●419
.$09
.M
●417
.430
.423
●439
.416
.437
.420
.436
.435
.407
.421
●400
.413

2.46
2.38
2.31
2.21
2.16
2.13
2.06
1.99
1.89
1.89
1.87
1.78
1.70
1.72
1.74
1.72
1.68
1.62
1.61
1.57
1.55
1.51
1.50
1.46
1.45
1.43
1.41
1.39

:Resc)0“[

81.9
81.3
80.5
79.9
79.“2
79.0
78.4
77.8
77.0
77.1
76.7
76.1
75*7
75.6
75.9
75.5
75.1
74.7
74.5
74.0
73.7
73.1
72.9
68.7
72.2
72.0
71.5
71.2

I

(%/3’”5
25.1
25.2
29.0
23.2
24.4
23.5
24.7
25.4
24.9
25.5
24.4
25.6
24.3
23.6
25.6
24.0
24.9
24.8
25.8
24.6
25.9
25.0
26.0
24.8
24.4
25.3
24.1
24.9

. .-
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TABLEII - VAPORIZATIONFROMO.688-CENTIMETER—DIAMETER

—

t~
3C)

26
68
B3
92
21
34
46
68
88
04
20
34
43
46
20

—

25
28
41
51
60
70
83
94
.04
.13
26
38
54
.76
.96
08
22
:22
!08
:34

.—— —

SPHEREAT COWCANTW-~-FLCX7 RATES- Continued

IAcetone-air;mass-air-flowrate,75lb/hrI

TAt Vapori-
‘Oc)zation

rate
(g/see)

34 11.ox164
68 21.9
80 25.5
95 34.1
111 41.6
122 49.6
133 50.0
153 60.8
172 68.4
187 74.8
201 84.3
215 89.7
316130.o
318124.0
387141.7

Nu

35.5
32.9
31.8
34.7
35.1
37.2
33.8
34.6
33*E
33.2
33.9
33.C
28.?
26.7
22*S

Nu
:ReSc)0”6

0.465
.444
.434
.477
.487
.522
.476
.494
.485
.478
.492
.483
.430
.405
.357

2.36
2~20
2.14
2.07
2.01
1.96
1.93
1.86
1.81
1.76
1.72
1.69
1.48
1.47
1.41

Re Sc)0”6

76.3
74.1
73.3

“ 72.8
72.1
71.3
71.0
70.0
69.7
69.5
68.9
68.3
65.8
65.9
64.2

Methanol-air;mass-air-flowrate,’75lb/hr

30 4.5
30 5.1
42 6.5
47 7.7
55 8.6
60 9.9
72 12.1
82 13.8
91 15.2
97 17.8
109 18.2
1.182107
132 23.2
154 29.3
172 34.2
183 35.1
105 18.0
196 36.7
183 34.6
206 37.1

134.638.7
34.6
35.8
33.6
34.7
34.8
34.2
33.4
36.0
32.2
34.7
32.4
34.1
34.6
32.8
32.9
31.6
32.4
29.6

0.397
.444
.400
●419
.396
.412
.415
.410
.402
.436
.394
.425
.401
.425
.436
.415
●402
.402
.408
.378

11.631.63
1:60
1.57
1.56
1.55
1*53~
1.51
1.50
1.48
1.46
1.45
1.43
1.40
1.38
1.36
1.48
1.34
1.36
1.33

———.-. .— —————-

23.1
22.2
21.7
24.1
24.8
26.6
24.3
25;4
25.1
25.0
25.9
25.4
23.3
22.0
19.3

87.2
87.2
86.5
85.4
84.8
84.2
83.9
83.4
83.1
82.6
81.7
81.6
80.8
80.2
79.4
79.0
81.8
78.6
79.4
78.3

——

27.1
30.3
27.4
28.6
26.9
27.9
28.1
27.8
27.3
29.6
26.7
28.8
27.1
28.8
29.5
28.1
27.0
27.3
27.8
25.7

I-9

——
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TABLEII - VALORIZATIONFROMO.688-CENTR&Xl!ER—DIAMETER

20

SPBElW3AT COl131MNTMASS-AIR-FLCWRATES- Concluded

Ethanolair;mass-air-flowrate,75lb/hr

h (ReSc)0”6 Nu
G (%/%)0”5

Vapori-
zation
rate
(g/s~)

Nu Nu

(ReSc)O”’

35.9
32.6
30.8
29.9
27.5

0.443
,410
.398
.391
.365

4.lx164
10.0
14.7
19.2
23.1

1.66
1.60
1.52
1.50
1.46

81.0
79.5
77.4
76.5
75*3

27.9
25.8
25.0
24.4
22.8

26
27
97
122
149

20
51
74
96
120

Butanol-air;mass-air-flowrate,75lb/hr ‘ I
108I 56114.8 27.6 0.405 1.63 68.1 21.6
149 89 23.5 25.6 .384 1.57 66.7 20.4
147 87 22.3 24.9 .372 1.57 66.9 19.9
177 114 34.6 28.2 .426 1.53 66.2 22.8
216 145 38.3 23.1 ●355 1.46 65.1 19.1

Carbontetracbloride-air;mass-air-flowrate,75 lb/hr

“

I39 36
52 45
63 52
67 56
77 62,
94 76
97 78
106 84
117 95 716.916.7

15.3
15.6
16.4
16.3
16.0
16.0
16.3

29.4
37.3
42.9
44.8
52.7
65.7
66.7
73.2
85.3

33.1
32.6
30.5
30.6
31.8
31.4
30.8
30.8
31.2

0.660
.655
.620
.621
.652
.648
.637
.642
.655

3.95
3.89
3.99
3.83
3.78
3.72
3.73
3.70
3.67

50.2
49.8
49.2
49.3
48.8
48.5
48.4
48.0
47.6

.

——— -—— .. ——— ———-
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Air,50lblsqin.gag

—
—

Rotameter =

c ressedair
200 lb/sin.8m ,J
@ge;78 F Pressure

Insulation~

regulator

Figure1.-Schematicdiagramofvaporizationequipment.
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~688 -cm-diam.corksphere f15-ccsyringe

{11111\
~10-cc testtube LCorkstopper

=s=
Figure2.- Vaporizationunit.
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Heattransfer J
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I
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Figure3. - Schematicrepresentationofliquiddrop
vaporizinginairstream.(@rowsindicatedirec-
tionofheattransfer.)
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Figure4. - Correlationofheat-andmass-transferdatafor0.688-centimeter-
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variableair-mass-flowratefrom75 to 263pouudsperhour.
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